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Abstract 
 
A method for estimation of forest parameters such as the species, the tree crown 
shapes, the distances between trees by means of the Monte-Carlo based on radiative 
transfer model with forestry surface model was proposed. The Monte Carlo method 
statistically simulates the paths of photons in the atmosphere and the forested area to 
clarify the behaviors of individual photon. 
  
In order to validate the model, open-air experiments were carried out on several types of 
miniature forests, in which relatively smaller ellipse- or cone-shaped coniferous trees 
were two-dimensionally arrayed on the ground surface with underlying grass. It was 
found that the proposed model and experimental results showed a correlation so that 
the proposed method was validated. It was also found that the estimations of forest 
parameters such as the species, the crown shapes, the heights of trees and the 
distances between trees could be done with the proposed model.  
 
The simulation of three-dimensional photon trajectories allowed an accurate evaluation 
of multiple light reflections among trees and between trees and underlying grass. It was 
shown that from several percent to around10% of influences on TOA (TOA: Top Of 
Atmosphere) radiance was due to the multiple reflections, and the multiple reflections 
greatly depended on forest parameters including the tree distances, the tree crown 
shapes and the tree crown dimensions (the ratio of horizontal and vertical size of the 
tree crown) and so on. In particular, the multiple reflections of ellipse-shaped trees are 
two to three times greater than those of the cone-shaped trees. Therefore, the 
potentialities of the method perhaps may be applied in distinguishing different types of 
forests including coniferous and broadleaf trees with ellipse- and cone-shaped crowns. 
 
Furthermore, it was also demonstrated that the Monte Carlo method could be applied to 
satellite data measured by ASTER/VNIR (ASTER: Advanced Spaceborne Thermal 
Emission and Reflection radiometer, VNIR: Visible and Near-Infrared Radiometer) 
carried on the EOS (EOS: Earth Observing Satellite). The method succeeded in 
clarifying the influences caused by multiple reflections among trees and between trees 
and underlying grass. It was found that the influences ranged from several percent to 
around 10%. Therefore, the results suggested that the influences must be considered in 
estimating reflectance of forest in terms of TOA radiance from ASTER/VNIR data. 
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Chapter 1 Introduction 
 
1.1 Background 
 
Forests have a great influence on global warming, climate change, balance between 
incoming and outgoing radiation on the Earth, etc. It is very important to understand the 
changes and movements of forests (Baldcchi et al., 2000). However, it is hard to say 
that it is enough to know the characteristic of optics and biochemistry in the present 
situation. Models for considering forest parameters such as the species, the ages, the 
crown shapes, the heights of trees, the distances between trees, LAI (LAI: leaf area 
index) and PAR (PAR: photosynthetically active radiation), etc. are desirable. Although a 
lot of forest models using satellite data measured by VNIR (VNIR: Visible and 
Near-Infrared Radiometer) carried on the EOS (EOS: Earth Observing Satellite) have 
already been suggested by many researchers in which LAI and PAR are well 
considered (Nobel and Long, 1985). In addition, many effort has been devoted in 
establishing a three-dimensional atmosphere radiative transfer model based on canopy 
structure (Gastellu-Etchegorry et al., 1999), and in estimating needle chlorophyll content 
through model inversion using beeper spectral data from boreal coniferous forest 
canopies (Zarco-Tejada, 2000; Zarco-Tejada, et al., 2003). However, models 
considering forest parameters such as the species, the ages, the crown shapes, the 
heights of trees and the distances between trees have been rarely proposed so far 
(Chen et al., 1995, 2003). This is because it is very difficult to describe these forest 
parameters with satellite data measured by VNIR.  
 
1.2 Purpose  
 
This study aims to clarify the movement of forests by using satellite data measured by 
ASTER/VNIR (ASTER: Advanced Spaceborne Thermal Emission and Reflection 
radiometer) carried on the EOS. In particular, it focuses on establishing a model 
estimating forest parameters such as the species, the crown shapes, the heights of tree 
and the distances between trees.  
 
1.3 Methods 
 
For the purpose above, the satellite data should be expressed by an atmospheric 
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radiative transfer model, and then the relations with a forest model must be clarified. 
 
There are two kinds of atmospheric radiative transfer models: one is an analytic model, 
and the other is a numerical simulation model. In the former model (Arai, 2004), the 
atmosphere is considered as a collection of multiple layers of parallel flat boards, and in 
each layer the incoming and outgoing upward and downward radiances must be equal. 
Under this condition, the model describes a series of processes, in which the sunlight 
enters into the atmosphere, passes through the atmosphere, reaches the ground 
surface, then goes back to the atmosphere, and finally TOA (TOA: Top of Atmosphere) 
radiance is obtained by means of Fred Holm type integral equation. Figure 1.1 shows 
the concept of multiple scattering of the Gauss-Seidel method, which is one of the 
typical methods used in analytic model. 
 
 
Figure 1.1 Conceptual diagram of multiple scattering of Gauss-Seidel method 
(From the book Self-Taught Remote Sensing, 
 Morikita Publisher, Arai, 2004) 
 
In the latter model (Handbook, 1993), the sunlight is considered as a collection of 
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photons. The photons can be generated by a random number generator by a 
mathematical method. A 3D cube is used as a calculation cell representing the 
atmosphere. First, a photon is launched from a position on the top of cell, and the 
photon enters into the cell. Then, the photon’s behaviors in the atmosphere are 
governed by statistical laws that result directly from the equation of radiative transfer 
and the algorithm of Monte Carlo method. When the photon reaches the ground surface, 
it may be absorbed or reflected by trees or grass according to the absorption and 
reflection rules. The path of the photon comes to an end when the photon is either 
absorbed or is ejected from the cell’s upper surface. After plenty of photons are injected 
and the above processes are repeated, TOA radiance becomes stabilized and it can be 
calculated by counting the number of photons that are ejected from the cell’s upper 
surface. The latter method is used in this study. 
 
The Monte Carlo simulation has proved a versatile technique in a number of disciplines 
(Ripley, 1987). Applied to photon transport, the method involves simulation of the chain 
of scattering events incurred by a photon either in its path from the source to the 
receiver or to its absorption (Lenoble, 1993; Marchuk et al., 1980). As it considers not 
only single but also multiple scatterings events, it offers a more accurate way for solving 
the radiative transfer equation; it is widely used in forest areas for functions such as in 
establishing a ground surface model (Miesch et al., 1999; Miesch et al., 2000; Goel & 
Thompson, 2000), in establishing three-dimensional vegetation models (North, 1996), in 
determining information and parameters on coniferous forests (McDonald, 1998), in 
computing light scattering in heterogeneous grounds (Govaerts and Verstraete, 1998), 
and so on. However, it was rare to estimate forest parameters such as the species, the 
crown shapes, the heights of trees and the distance between trees by considering 
multiple reflections among trees and between trees and ground grass so far. 
 
1.4 Specialties and Initiatives 
 
It is too complicated to incorporate a forest model in an analytic model, because it is 
very difficult to describe multiple reflections among trees and between trees and ground 
grass, and the relations with forest parameters such as the species, the crown shapes, 
the heights of the trees and the distances between trees, etc. However, this is the first 
time that an atmosphere radiative transfer model with consideration of forest 
parameters and trees which are two-dimensionally arrayed on the ground with 
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underlying grass has been proposed based on the Monte Carlo simulation. 
 
1.5 Contents 
 
1. As Figure 1.2 shows, the outline and the contents of this study are as follows.  
2. To propose a forest model, which takes forest parameters such as the species, the 
tree crown shapes, the distances between trees and etc. into consideration by 
means of the Monte-Carlo simulation method. 
3. To calculate spectral TOA radiance by using that model. 
4. To carry out experiments on different types of miniature forests, so that spectral 
TOA radiance and reflectance properties depending on forest parameters can be 
measured. 
5. To make comparisons between the Monte Carlo method calculated data and the 
measured data over two kinds of miniature forests to see whether the model is 
validated or not. 
6. To estimate multiple reflections among trees depending on forest parameters such 
as tree distance, tree crown shape and tree crown dimensions with the model. 
7. To apply the model to satellite data.  
 
Figure 1.2 Outline of the study 
 
1.6 Organization of Dissertation 
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Chapter 1 introduces the background, the purpose, the specialties and initiatives, the 
contents and the organization of the dissertation.  
 
Chapter 2 describes the Monte Carlo simulation in detail: factors such as the algorithm, 
the input and output parameters, the atmospheric model, the ground surface model, the 
calculation methods of parameters, the features of random numbers, and so on.  
 
Chapter 3 describes open-air experiments from the outline, the instruments, the method 
to the results and discussions in detail.  
 
Chapter 4 describes the validation of Monte Carlo Simulation. Comparisons between 
the measured data and the Monte Carlo method calculated data over two kinds of 
miniature forests are shown and discussed in a detailed way.  
 
Chapter 5 explorers the estimation of multiple reflections among trees depending on 
forest parameters such as tree distance, tree crown shape and tree crown dimensions 
by means of Monte Carlo Method.  
 
Chapter 6 discusses the application of Monte Carlo simulation to satellite images.  
 
Chapter 7 contains conclusions drawn the dissertation.  
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Chapter 2 Monte Carlo Simulation 
 
2.1 Introduction 
 
This chapter describes the Monte Carlo simulation in detail: factors such as the 
algorithm, the calculation cell, the input and output parameters, the atmospheric model, 
the ground surface model, the calculation methods of parameters, the features of 
random numbers, the convergence of the simulation, and so on.  
 
 
2.2 Calculation Cell 
 
Generally speaking, the Monte Carlo methods are a widely used class of computational 
algorithms for simulating the behavior of various physical and mathematical systems, 
and for other computations. In the Monte Carlo simulation used in the field of remote 
sensing, the sunlight is considered as a collection of photons, and the photons can be 
generated by a random number generator from a mathematical method.  
 
In this study, a calculation cell is used in the Monte Carlo simulation. It is a 3D cube of 
50km×50km×50km representing atmosphere and forest and it is shown in Figure 2.1. 
With this cell, the Monte Carlo simulation can be summarized as follows. 
 
A) First, a photon is launched from a position on the top of cell with a propagation 
direction, and the photon enters into the cell. 
B) Five basic physical phenomena shown in Figure 2.2 may then happen to this 
photon: phenomena such as absorption or scattering by particles (mainly air 
molecules and aerosols) in the atmosphere and reflection or absorption by the 
ground surface (trees and grass). 
C) The photon’s behaviors in the atmosphere are governed by statistical methods 
(Lenoble, 1993) that result directly from the equation of radiative transfer and the 
algorithm of the Monte Carlo method (Handbook, 1993; Arai, 2004). The methods, 
namely, the parameters calculation methods of the Monte Carlo simulation, will be 
explained in Chapter 2.7.1 in detail. 
D) When the photon reaches the ground surface, it may be absorbed or reflected by 
trees or grass according to the rules of absorption and reflection. The rules, namely, 
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the methods of deciding reflection direction and reflection path, will be explained in 
Chapter 2.7.2 in detail.   
E) When a photon is escaping by the side of the calculation cell (X axis or Y axis 
direction), the photon will be re-injected through cyclic boundary conditions. 
F) The path of the photon comes to an end when the photon is either absorbed or is 
ejected from the cell’s upper surface. 
G) After plenty of photons are injected and the above processes are repeated, TOA 
radiance becomes stabilized and it can be calculated by counting the number of 
photons that are ejected from the cell’s upper surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Calculation cell of Monte Carlo simulation 
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(a) Path radiance    (b) Reflected directly     (c) Reflected by sky light 
                
(d) Multi-reflected between trees  (e) Multi-reflected between trees and ground 
Figure 2.2 Photon trajectory of Monte Carlo simulation 
(Each tree is treated as individual ellipse or cone.) 
 
 
2.3 Input and Output Parameters 
 
The input parameters are obtained by measurements, and those are (1) tree reflectance, 
(2) grass reflectance, (3) tree distance among the central points of tree crowns, (4) optic 
thickness of aerosol and air molecule, (5) sun direction (solar zenith angle and solar 
azimuth angle), (6) sensor direction (view zenith angle) and height. 
 
The output parameters include TOA radiance and eleven groups of photon statistical 
data, which are (1) all the number of photons that entered into the cell from the top of 
cell, (2) the number of photons ejected from the cell’s upper surface, (3) the number of 
photons absorbed by aerosols, (4) the number of photons scattered by aerosols, (5) the 
number of photons absorbed by air molecules, (6) the number of photons scattered by 
air molecules, (7) the number of photons absorbed by underlying grass, (8) the number 
of photons reflected by underlying grass, (9) the number of photons absorbed by trees, 
(10) the number of photons reflected by trees, and (11) the number of photons due to 
multiple reflections on the tree surface by the different number of reflection times. The 
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last one includes two times only, three times only and four or more times. 
 
Because all photons are accumulated and classified into different groups, it is very 
useful to do a more detailed analysis in explaining the radiative transfer process and the 
final calculation result (TOA radiance) more clearly. Moreover, it is a good way to clarify 
the influence of multiple reflections among trees in a more effective way. 
 
2.4 Algorithm 
 
 
Figure 2.3  Algorithm of Monte Carlo simulation 
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The algorithm is shown as Figure 2.3 (Ding & Arai, 2007). It consists of two primary 
parts: the atmosphere model and the ground surface model. The atmosphere model is 
for tracing and calculating the photons’ behaviors when they are in the atmosphere. The 
ground surface model is for tracing and calculating the photons’ behaviors when they 
reach the ground surface. 
 
2.5 Atmosphere Model 
 
The atmosphere mainly consists of fours kinds of particles: air molecules, aerosols, 
water vapor and column ozone. The optical thickness of air molecules and aerosols are 
the majority, while the rest are very small in the visible and near-infrared spectral range; 
thus, they can be ignored in this study. Therefore, in the atmosphere, it is assumed that 
only molecule and aerosol particles exist. In addition, the atmosphere is uniform; its 
optical thickness does not change as the height changes. The parameter calculation 
methods will be shown in Chapter 2.7.1 in detail. 
 
2.6 Ground Surface Model 
 
2.6.1 Tree Models 
 
It is possible to take BRDF (BRDF: Bi-Directional Reflectance distribution Function) of 
tree surface and underlying grass surface into considerations while building tree models 
and ground surface model (Zarco-Tejada, 2000; Disney et al., 2000). However, in this 
study, tree surface is a Lambertian surface, where its reflection is uniform. The study 
takes into consideration two tree models: the ellipse model and the cone model, and 
they are shown in Figure 2.4. The ellipse model represents ellipse-shaped coniferous 
tree, and the cone model represents cone-shaped tree. For instance, the two kinds of 
trees with either ellipse-shaped crown or cone-shaped crown are shown in Figure 2.5, 
respectively. Here, Tree NO.1 is a coniferous tree called ericodes, and Tree NO.2 is 
another kind of coniferous tree named called goldcrest. These trees are arranged in a 
grid in a forest, and consideration of distances between the tree crowns is assumed. 
The underlying grass is made into a Lambertian surface where its reflection is also 
uniform. 
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B
D
H
 
(a) Ellipse tree model     (b) Cone tree model 
Figure 2.4 Two kinds of tree models 
 
 
(a) Ellipse-shaped tree  (b) Cone-shaped tree 
Figure 2. 5 Two kinds of actual trees with different crown shapes 
 
2.6.2 Forest Model 
 
Figure 2.6 shows the top view of a forest model. As Figure 2.6 shows, all trees in the 
calculation cell are homogeneous in type, size and shape, and the distances between 
trees are same as well. In addition, the forest area is wide enough for planting sufficient 
trees. The area is homogeneous; it is covered by underlying grass. Furthermore, 
sunlight (photons) never enter inside of the trees; it is only reflected on the trees’ 
surfaces. 
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Figure 2.6 Top view of forest model 
 
2.6.3 Method of Deciding Reflection Path when Photons are Reflected on 
Tree Surface and Ground Surface (Grass)   
 
When a photon hits a tree surface or ground surface (grass), it may be either reflected 
or absorbed. In the case of being reflected, how does the photon move to its next 
position, that is to say, what is the method of deciding its reflection path? There is an 
example explaining the method shown in Figure 2.7. Incidentally, the tree surface is a 
Lambertian surface, where its reflection is uniform. When the photon hits the tree 
surface and when it is reflected, it will never enter the inside of the surface, but will be 
reflected on the surface.  
 
Firstly, the photon is trying to move from its starting position A to its ending position B’ 
according to its calculated free path. B’ is the terminus of its free path vector. On its way 
of moving to B’, it hits a tree and the intersection is point B. The photon is reflected at B 
and then goes toward its next position C’. At that time, its reflection path L1’ is equal to 
the length between B and B’（L1=L1’）.  
 
Secondly, because the photon hits another tree and is reflected at point C, the photon 
doesn’t go to C’. Instead of that, it goes toward D’. The method of deciding its end 
position D’ is the same as the way of C’, that is to say, its reflection path L2’ is equal to 
the length between C and C’ （L2=L2’）. 
 
Thirdly, if the photon is reflected at ground surface, the intersection is point D. The 
photon reflected at D goes on its trip towards E, its reflection path L3’ is equal to the 
length between D and D’ (L3=L3’). When the photon arrives at E, it might be scattered or 
absorbed by air molecules or aerosols, because E is in the gap between trees.  
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Figure 2.7 Photon trajectory of multiple reflection between trees and ground 
 
 
2.7 Parameter Calculation Methods of Monte Carlo Simulation  
 
2.7.1 Parameter Calculation Methods in Atmosphere Model 
 
Free Path Length L 
The distance of a photon between its starting position and its next position where it hits 
an atmospheric particle, is derived from equations 2.1 and 2.2. 
( )RndLL log0−=                                                (2.1) 
τ
max
0
Z
L =                                                        (2.2) 
Where Rnd  denotes uniform random numbers with an open interval (0, 1), τ  
denotes total optical thickness, 0L  is the mean free path. maxZ  denotes the thickness 
of the atmosphere. 
 
Which Atmospheric Particle the Photon Meets 
When a photon enters the atmosphere, it may meet an atmospheric particle, an air  
molecule or an aerosol. The particle that the photon meets can be judged by equations 
2.3 and 2.4 (Handbook, 1993; Arai, 2004). 
ττ /molRnd < ：air molecule                                       (2.3) 
ττ /molRnd ≥ ：aerosol                                            (2.4) 
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Where molτ  denotes the optical thickness of molecules, aeroτ  denotes the optical 
thickness of aerosols. )( molaero τττ += is considered as the total optical thickness. The 
optical thicknesses can be calculated by MODTRAN code (Moderate Resolution 
Transmittance Code) , which was developed by AFGL (Air Force Geophysics Laboratory, 
USA). As Figure 2.8 shows, the optical thickness of air molecules and aerosols are the 
main portion, and the rest are very small in the visible and near-infrared spectral range; 
thus, they are ignored in this study. Here, the total optical thickness τ  is obtained by 
doing experiment.  
 
 
 
Figure 2.8 Optical thickness of atmosphere 
(Calculated optical thickness of total atmosphere (AOD), water vapor (OD_H2O), 
column ozone (OD_O3), air molecules (OD_MOL) and aerosols (OD_AER) by 
MODTRAN4.0 and observed optical thickness of total atmosphere (OD_OBS) at Saga 
University on Dec. 13, 2003) (Arai and Ding, 2006) 
 
Scattering or Absorption by Atmospheric Particles 
When a photon meets a molecule or an aerosol, it may be scattered or absorbed. The 
behavior can be judge by equations 2.5 and 2.6. 
0ϖ<Rnd ：Scattering                                (2.5) 
0ϖ≥Rnd ：Absorption                                (2.6) 
Where 0ϖ  denotes the single scattering Albedo of the particle. 
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Scattering AngleΘ   
A scatting angle is an angle between an incidence direction and its scattering direction.  
In the case of scattering, the scattering angle is decided by phase function )(ΘP  . The 
calculation steps are as follows. 
 
1. When an incidence direction is expressed as ）（ 0',1' == φμ ，namely， )0',0'( == φθ ，
the scattering direction is expressed as ),cos( φθμ = ，namely， ),( φθ  
 
2. The scattering azimuth angleφ  of the scattering direction ),( φθ can be written as 
equation (2.7) 
Rndπφ 2=                                     (2.7) 
 
3. For molecules, the scattering zenith angle θ  of the scattering direction ),( φθ  is 
decided by the Rayleigh phase function )(θrP , which is expressed by equation 2.8 and 
shown in Figure 2.9. 
)cos1)(4/3()( 2 θθ +=rP                               (2.8) 
When equation 2.9 is intergraded in the range of πθ <<0 , equation 2.9 is 
obtained. 
πθθπ
8
9)(
0
=∫ dPr                                                   (2.9) 
 
4. The scattering zenith angle θ  can be obtain as follows. 
Firstly, n  pieces of ),...,2,1( nkk =θ  with equation 2.10 is calculated. Here, n  
equals 361, that is to say, the interval is one degree. 
n
dPk
k
r
π
θθθθ 8
9
')(1 =∫ +                                                   (2.10) 
Here, two general integral methods including Daikei Method and Romberg Quadrature 
are adapted. Then, θ  can be obtained by equation 2.11 and 2.12. 
nkRndnk //)1( <<−                                                (2.11) 
Rndkkk )( 1 θθθθ −+= +                                              (2.12)                
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Figure 2.9 Rayleigh phase function used for Monte Carlo simulation 
 
5. For aerosols, the scattering zenith angle θ  of the scattering direction ),( φθ  is 
obtained as the following steps. 
 
First, an approximate Mie phase function )(θmP , )180,...2,1,0( =θ  has to be calculated 
in advance. The interval of the function )(θmP  is one degree, and the Mie phase 
function is calculated by considering the refractive index and the Junge Distribution 
(shown in Figure 2.10) based on the Henyey-Greenstein expression (2.13) by using 
MODTRAN code. The calculated Mie phase function )(θmP is shown in Figure 2.11. 
Second, the Cumulative Distribution Function is written in equation 2.14，in which each 
θ  is saved. In particular, the maximum of )(θc  is given in equation 2.15. Third, 
uniform random numbers [ ]max,0 cRnd  with an interval [ ]max,0 c  are generated. When 
equation 2.16 is constructed, the θ  can be considered as the scattering zenith angle.  
2
32
2
)cos21(
1
)(
θ
θ
λλ
λ
gg
gPm −+
−=             (2.13) 
Where θ  denotes an angle between the incident direction and the scattering direction, 
λg  is an asymmetry factor of the aerosols depending on the wavelength, the 
compositions, sizes, and the shapes of the aerosol. 
 
θθθ θ dPc
m
)()(
0∫=                                 (2.14) 
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θθπ dPC m )(0max ∫=                                 (2.15) 
[ ] )(,0 max θccRnd =                                  (2.16)    
      
As described above, if the incidence direction of a photon is )','( φθ , )0,0()','( =φθ , 
the scattering direction ),( φθ  can be obtained by using the Rayleigh or the Mie phase 
function. Therefore, with the scattering direction and the free path, the next position of 
the photon is able to be decided. 
 
 
Figure 2.10 Estimated Junge parameter and refractive index of aerosols 
(Junge parameter of size distribution and real and imaginary part of refractive index of 
aerosols with the measured data using POM-Ⅲ of Sky-radiometer at Saga University 
and its surrounding areas on Dec. 13, 2003)  (Arai and Ding, 2006) 
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Figure 2.11 Mie phase function used for Monte Carlo simulation 
 
2.7.2 Parameter Calculation Methods in Ground Surface Model 
 
Reflection or Absorption on Ground Surface 
When a photon hits the ground surface, it may be reflected or absorbed. The behavior 
can be judged by equations 2.17 and 2.18. 
groundrRnd < ：Reflection                                 (2.17) 
groundrRnd ≥ ：Absorption                               (2.18) 
Where 0ϖ  denotes the Albedo of the ground surface. 
In this study, because ground surface is covered by grass, the Albedo of ground surface 
can be considered as the reflectance of grass grassr . 
 
Reflection Direction on Ground Surface 
When a photon is reflected on the ground surface, the reflection zenith angle groundθ  
and the azimuth angle groundφ  can be calculated by equations 2.19 and 2.20, 
respectively. Here, the ground surface is considered as a Lambertian surface. 
Rndground )2/(πθ =                                  (2.19) 
Rndground πφ 2=                                     (2.20) 
Although they are approximate equations, they have a great closeness.  
 
Reflection or Absorption on Tree Surface 
When a photon hits a tree, it may be reflected or absorbed. The behavior can be judged 
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by equations 2.21 and 2.22, respectively. 
treerRnd < ：Reflection                                (2.21) 
treerRnd ≥ ：Absorption                                 (2.22) 
Where treer  denotes reflectance of tree surface.  
 
Reflection Direction on Tree Surface 
When a photon is reflected on a tree surface, the reflection zenith angle treeθ  and the 
azimuth angle treeφ  can be calculated by equations 2.23 and 2.24, respectively. Here, 
the tree crown is considered as a Lambertian surface. 
   Rndtree )2/(πθ =                                  (2.23) 
Rndtree πφ 2=                                     (2.24) 
 
Method of Deciding Reflection Path when Photons are Reflected on Tree Surface 
and Ground Surface (Grass) 
It has been described in Chapter 2.6.3 above.  
 
2.7.3 TOA Radiance 
According to the method of the Monte Carlo simulation, TOA radiance ),,0( φμ+I  is 
given as follows. 
)(
2
),,0( 0
TN
NI
μμμφμ Δ=+                                  (2.25) 
Where 00 cosθμ = , θμ cos= , 0θ andθ  denote the solar zenith angle and the viewing 
zenith angle, respectively. TN is the number of launched photons in total (the total 
photons that are injected into the atmosphere from positions on the top of 
cell). N denotes the number of photons that are ejected from the cell’s upper surface. 
μΔ   denotes a view solid angle, i.e., FOV (field of view).  
   
2.8 Random Number 
 
The precision of the Monte Carlo simulation greatly depends on the characteristics of 
random numbers, to choose a high-quality random number generator is very important. 
The random numbers used in the study are called Mersenne Twister (MT, 
http://www.math.sci.hiroshima-u.ac.jp/~m-mat/MT /mt.html), which is a pseudorandom 
number generating algorithm developed by Makoto Matsumoto and Takuji Nishimura. It 
is a very fast random number generator with an open interval (0,1), a period of 219937-1, 
 20
a 623-dimensional equi-distribution property and a 32-bit precision. Therefore, 
Mersenne Twister is suitable for the Monte Carlo simulation. 
 
2.9 Convergence of Monte Carlo Simulation 
 
Concerning about how many photons have to be launched, a numerical simulation 
determines the number of photons as shown in Figure 2.12. When the number of 
photons exceeds 100,000 particles, since TOA radiance is stabilized, the number of 
photons is set at 100,000 particles. 
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Figure 2.12 Convergence of Monte Carlo simulation   
 
2.10 Summary 
 
The Monte Carlo simulation method for estimation of forest parameters such as the 
species, the tree crown shapes and the distances between trees was proposed. It was 
based on radiative transfer model with forestry surface model. With the Monte Carlo 
method, the paths of photons inside the atmosphere and the forested area can be 
statistically simulated, and the behaviors of an individual photon can be clarified in 
detail. 
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Chapter 3 Experiments  
 
3.1 Introduction 
 
In order to validate the Monte Carlo simulation, open-air experiments were carried out. 
This chapter describes the experiments from the methods of the experiments, the 
instruments used in the experiments, the specifications of the miniature forests to the 
results and discussions and etc. in detail. 
 
3.2 Methods of Experiments 
 
3.2.1 Experiment Trees 
 
In order to simplify the method of setting forest parameters of trees and underlying 
grass, relatively small-sized trees and underling grass were used to build miniature 
forests. Both trees and grass could be obtained in the market place. All types of trees 
used in the experiments were coniferous trees.  
 
According to the species, the tree crown shape and the tree size, four types of 
coniferous trees were used and numbered from Tree NO.1 to NO.4. Tree NO.1 is 
named thuja occidentalis “eheingold” (the tree crown shape: ellipse; the horizontal 
diameter: 13 cm; the vertical diameter: 12 cm). Tree NO.2 is named cupressus 
macrocarpa “goldcrest” (the tree crown shape: cone; the base diameter: 11 cm; the 
height: 26 cm). Tree NO.3 is named thuja occidentalis “rheingold” (the tree crown 
shape: ellipse; the horizontal diameter: 16 cm; the vertical diameter: 14 cm). Tree NO.4 
is named chamaecyparis lawsoniana “ellwoodii” (the tree crown shape: cone; the base 
diameter: 10 cm; the height: 40 cm). 
 
3.2.2 Miniature Forests 
 
Six types of miniature forests were built with different specifications such as the species, 
the tree crown shapes, the sizes and the number of trees, and these forests were 
numbered from Forest NO.1 to Forest NO. 6. The specifications of six types of miniature 
forests are shown in Table 3.1 and the images are shown in Figure 3.1. 
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Table 3.1  Specifications of miniature forests 
NO.  
of 
forest 
Name of tree  NO. 
of 
tree  
Tree 
shape 
Tree size 
(cm) 
Tree 
num. 
(piece) 
Forest  
NO.1 
thuja occidentalis 
“rheingold” 
Tree 
NO.1 
ellipse 
 
A13×B12 9 
 
Forest  
NO.2 
cupressus macrocarpa 
“goldcrest” 
Tree 
NO.2 
cone 
 
D11×H26 9 
 
Forest  
NO.3 
thuja occidentalis 
“rheingold” 
Tree 
NO.3 
ellipse 
 
A16×B14 9 
 
Forest  
NO.4 
thuja occidentalis 
“rheingold” 
Tree 
NO.3 
ellipse 
 
A16×B14 25 
 
Forest  
NO.5 
chamaecyparis lawsoniana 
“ellwoodii” 
Tree 
NO.4 
cone 
 
D10×H40 9 
 
Forest  
NO.6 
chamaecyparis lawsoniana 
“ellwoodii” 
Tree 
NO.4 
cone 
 
D10×H40 25 
 
Remarks: A is horizontal diameter and B is vertical diameter for ellipse-shaped tree; D is 
base diameter and H is height for cone-shaped tree. 
 
In Figure 3.1, either 9 or 25 relatively small-sized ellipse- or cone-shaped coniferous 
trees are two-dimensionally arrayed on the flat surface with underlying grass. The 
underlying ground was 120 cm ×120 cm, and it was covered by grass. In addition, in 
order to reduce the reflection from the bare ground around the experiment area, the 
area was surrounded by black cloth. 
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(a) Forest NO.1          (b) Forest NO.2   
      
(c) Forest NO.3        (d) Forest NO.4 
 
     
(e) Forest NO.5          (f) Forest NO.6 
Figure 3.1 Six types of miniature forests 
 
3.2.3 Outline of Experiments 
 
The configuration of the experiments is shown in Figure 3.2. The experiment site was on 
the sport ground of Saga University (33°14’N, 130°17’E). Including supplemental 
experiments, the experiments were implemented twice, in February and in October, 
respectively. In total, six types of miniature forests were measured.  
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The first time, the experiments were implemented on February 21, 2006, 10:00 to 15:00. 
It was a sunny day without clouds. Forest NO.1 and NO.2 were measured in the 
experiments. The data used here were obtained at noontime from 13:10 to 13:50. The 
second time, the experiments were implemented on October 21, 2006, 12:00 to 15:00. It 
was a sunny day without clouds, as well. Forest NO.3 to NO.6 were measured in the 
experiments. The data used here were obtained at midday from 12:25 to 13:41.  
 
 
Figure 3.2  Configuration of the experiments 
 
3.2.4 Instruments of Experiments 
 
The spectral reflectance properties of the forests were measured by a 
spectroradiometer (EKO Instruments Co., Ltd, MS720). The specifications of the 
spectroradiometer are shown in Table 3.2 and the images are shown in Figure 3.3. The 
aperture angle used in the experiments was the 25°option (see Table 3.2); its 
measured data, however, was 40°. The installation height was 128 cm, and the 
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installation direction was vertical towards ground surface. With the installation situation, 
although the tree distances were changed in a certain range, all trees could be covered 
by the measuring area of the spectroradiometer. As the distances between trees were 
changed, the tree distance property of radiance of both ellipse- and cone-shaped 
miniature forests were measured in turn.  
 
On the other hand, another spectroradiometer (Spectra Vista Corp., GER2600) was 
also used to monitor the changes of sunshine. Additionally, with the reflectance 
standard white plate (see Figure 3.2), the original irradiance spectrum data measured 
by spectroradiometer MS-720 could be calculated into a reflectance spectrum. The 
optical thickness of atmosphere was measured by a sun photometer (Sun Light Co., Inc. 
MicroTopsⅡ). 
 
Table 3.2  Specifications of the spectroradiometer MS-720 
Specifications MS-720 (Hardware) 
Wavelength range 350 - 1,050 nm 
Wavelength interval 3.3 nm 
Wavelength resolution 10 nm 
Wavelength accuracy 
Aperture angle (Full view angle) 
Unit of the output 
Measurement time 
Maximum number of the data 
Size 
Weight 
Less than 0.3 nm 
90° or 180° (10° and 25° option) 
W/m²/µm 
0.005 to 5sec/Automatic controlled time 
800 (Approximately 2 minutes for download) 
W100 x D165 x H60 (mm) 
Approx. 720g (Including batteries and Aperture)
 
Figure 3.3  Images of spectroradiometer MS-720 
(From the website of EKO Instruments Co., Ltd,. http://www.eko.co.jp) 
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3.3 Experimental Results and Discussions 
 
3.3.1 Reflectance Spectrums of Ellipse-shaped Miniature Forests 
 
The reflectance spectrums of ellipse-shaped miniature forest were measured in Forest 
NO.1, Forest NO.3 and Forest NO.4. Figure 3.4 shows the reflectance spectrums of 
Forest NO.1. The 8 narrow curves denote a range of reflectance spectrums from top to 
bottom in sequence, which correspond to the tree distances varying from 10 cm to 30 
cm, respectively. The broad curve denotes the reflectance spectrum of underlying 
grass.  
 
In the visible range of 400 nm～700 nm, overall, the reflectance spectrums are lower 
and the changes of reflectance depending on tree distances are also very small. This is 
because 1) chlorophyll strongly absorbs electromagnetic waves in the wavelength of 
300 nm～500 nm, 2) chlorophyll has a high absorption ability in the red wavelength of 
600 nm～700 nm. On the other hand, In the near-infrared range of 750 nm～1000 nm, 
the reflectance spectrums are higher and the changes of reflectance depending on tree 
distances are also bigger. The results show typical reflectance spectrum of vegetation.  
 
In general, talking about the reflectance spectrums, tree features should not be ignored. 
Because the leaf color of Tree NO.1 changes from green in summer and autumn to 
brown in winter, the leaf color was not light green but brownish when the experiment 
was implemented on February 21. Corresponding with the brownish leaf color, the 
reflectance spectrums of Tree NO.1 is slightly different from of light green leaf; its curve 
in the near-infrared range is relatively steep. Meanwhile, because the underlying grass 
was not healthy green but was almost dead, and the soil under the grass was wet, the 
reflectance spectrum of grass shows a relatively big upward trend (see Figure 3.4) from 
visible to near-infrared range, presenting a typical reflectance spectrum of dying grass. 
This result is corresponding with the spectrum data of dying grass in ASTER Spectral 
Library (Jet propulsion laboratory of California Institute of Technology, 
http://speclib.jpl.nasa.gov). 
 
Because the miniature forest is a mixture formed by trees and underlying grass, the 
reflectance spectrum of the forest synthetically presents the reflectance spectrum of 
both trees and grass. When the installation height of spectroradiometer MS-720 is fixed, 
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the underlying grass shares a comparatively big proportion in the measuring area of the 
spectroradiometer. For instance, in Forest NO.1, the proportion of trees to grass was 
about 2:8. Therefore, the dying grass has a big influence on the overall forest 
reflectance spectrum. Because of it, the overall forest reflectance spectrums increase in 
an upward trend in the near-infrared range. 
 
3.3.2 Tree Distance Properties of Radiance of Ellipse-shaped Miniature 
Forests 
 
In order to analyze tree distance property of radiance, the radiance is considered as a 
function of tree distance. Four wavelengths of 750, 800, 900 and 1000 nm in the 
near-infrared range are chosen to analyze the detailed results, because the absorption 
caused by atmospheric molecules is small. The reflectance at each wavelength can be 
calculated into radiance; thus, the radiance property depending on tree distance could 
be obtained based on Figure 3.4, and it is shown in Figure 3.5. In the tree distance 
range of 25 cm, the radiance changes went down obviously, implying the light 
interactions among trees were stronger but decreased quickly. Whereas when the tree 
distance is greater than 25 cm, the changes decreased very slowly, showing the 
interactions were quite weak and decreased slowly.  
 
Similar to Forest NO.1, the same experiments were carried out on Forest NO.3, which 
was also made of ellipse-shaped trees and underlying grass. Figure 3.6 shows the 
reflectance spectrums of Forest NO.3. Overall, the reflectance spectrum is very similar 
to that of Forest NO.1. Compared with Forest NO.1, the leaf color of Forest NO.3 was 
light green when the experiment was implemented on October 21, and thus the curve of 
reflectance spectrums in the near-infrared range is relatively gradual compared with that 
of Forest NO.1. Meanwhile, although the underlying grass was not dying as was that in 
Forest NO.1, it was somewhat brownish. Thus, the reflectance spectrum of grass shows 
a typical property of brownish grass, illustrating its state is between dying grass and light 
green grass. This result corresponds to the data in ASTER Spectral Library (Jet 
propulsion laboratory of California Institute of Technology, http://speclib.jpl.nasa.gov). 
 
Forest NO.3 is also a miniature forest formed by trees and underlying grass, and the 
reflectance spectrum of Forest NO.3 synthetically represents the reflectance spectrum 
of actual trees and grass. Because the reflectance spectrum of grass in Forest NO.3 is 
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close to that of light green grass, its curve is not as steep as that in Forest NO.1. 
Therefore, the reflectance spectrum of Forest NO.3 also increases relatively slower in 
the near-infrared range if compared to that of Forest NO.1. 
 
On the other hand, the relationship between reflectance and tree distance can be 
obtained based on Figure 3.6, and it is shown in Figure 3.7. Because the reflectance 
property depending on tree distance is similar to that in Figure 3.5, the detailed 
descriptions are omitted here. 
 
Forest NO.4 was also formed by ellipse-shaped trees like Forest NO.1 and Forest NO.3 
were, the reflectance spectrum and tree distance property are similar to that of Forest 
NO.1 and Forest NO.3, and they are shown in Figure 3.8 and Figure 3.9, respectively. 
The detailed descriptions are omitted here.  
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Figure 3.4  Reflectance spectrums for Forest NO.1 
 (8 narrow curves denote a range of tree distance from 10 cm to 30 cm from top in 
sequence, respectively. dis_10 means that tree distance is 10 cm, the rest is the same 
as dis_10.)  
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Figure 3.5   Radiances change depending on tree distance for Forest NO.1 
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Figure 3.6 Reflectance spectrums for Forest NO.3 
(7 narrow curves denote a range of tree distance from 10 cm to 30 cm from top in 
sequence, respectively. dis_10 means that tree distance is 10 cm, the rest is the same 
as dis_10.)  
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Figure 3.7  Reflectance change depending on tree distance for Forest NO.3 
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Figure 3.8  Reflectance spectrums for Forest NO.4 
 (5 narrow curves denote a range of tree distance from 10 cm to 20 cm from top in 
sequence, respectively. dis_10 means that tree distance is 10 cm, the rest is the same 
as dis_10.)  
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Figure 3.9  Reflectance change depending on tree distance for Forest NO.4 
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3.3.3 Reflectance Spectrums of Cone-shaped Miniature Forests 
 
The reflectance spectrums of cone-shaped miniature forest were measured in Forest 
NO.2, Forest NO.5 and Forest NO.6. Figure 3.10 shows the reflectance spectrum of 
Forest NO.2. The 8 curves denote a range of reflectance spectrums from top to bottom 
in sequence, which correspond to the tree distances varying from 10 cm to 30 cm, 
respectively. Similar to the reflectance spectrum of ellipse-shaped trees, in the visible 
range of 400 nm～700 nm, overall, the reflectance spectrums are lower and the 
changes of reflectance depending on tree distances are also very small. On the other 
hand, In the near-infrared range of 750 nm～1000 nm, the reflectance spectrums are 
higher and the changes of reflectance depending on tree distances are also bigger.  
 
3.3.4 Tree Distance Properties of Radiance of Cone-shaped Miniature 
Forests 
 
Similar to ellipse-shaped trees, four wavelengths of 750, 800, 900 and 1000 nm in the 
near-infrared range are chosen to analyze the detailed results. Because reflectance at 
each wavelength can be calculated into radiance, the radiance property depending on 
tree distance could be obtained based on Figure 3.10, and it is shown in Figure 3.11. 
 
Overall, the relationship between tree distance and radiance is similar to that of 
ellipse-shaped forest: namely, as the tree distances increase, the radiances go down. 
Different from those of the ellipse-shaped Forest NO.1, however, the reductions of 
radiance are relatively smaller. In the tree distance range of 15 cm, the radiance 
changes went down conspicuously, implying the light interactions among trees were 
stronger but decreased quickly. However, when the tree distance was greater than 15 
cm, the reductions almost stopped, showing the interactions were quite weak and 
decreased slowly. From the difference of radiance changes between ellipse-shaped 
Forest NO.1 and cone-shaped Forest NO.3, a conclusion can be made that the 
interaction between trees depends on the tree crown shapes (ellipse and cone), and the 
interaction of ellipse-shaped trees is stronger than that of cone-shaped trees. 
 
Forest NO.5 and Forest NO.6 were also formed by cone-shaped trees like Forest NO.2 
was, the reflectance spectrums and tree distance properties were similar to that of 
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Forest NO.2, and they are shown in Figure 3.12 to Figure 3.15, respectively. The 
detailed descriptions are omitted here.  
 
As the results and discussions show above, the reflectance spectrums and tree distance 
properties of ellipse-shaped forests and cone-shaped forests were measured and 
demonstrated, and the repetitions were also confirmed.  
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Figure 3.10  Reflectance spectrums for Forest NO.2 
(8 curves denote a range of tree distance from 10 cm to 30 cm from top in sequence, 
respectively. dis_10 means that tree distance is 10 cm, the rest is the same as dis_10.)  
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Figure 3.11   Radiances change depending on tree distance for Forest NO.2 
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Figure 3.12  Reflectance spectrums for Forest NO.5 
(7 curves denote a range of tree distance from 10 cm to 30 cm from top in sequence, 
respectively. dis_10 means that tree distance is 10 cm, the rest is the same as dis_10.)  
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Figure 3.13  Reflectance change depending on tree distance for Forest NO.5 
 
 
 
 
 35
 
 
0
20
40
60
80
400 500 600 700 800 900 1000
Wavelength （nm）
R
ef
le
ct
an
ce
 （
％
）
dis_10
dis_12.5
dis_15
dis17.5
dis_20
 
Figure 3.14  Reflectance spectrums for Forest NO.6 
(5 curves denote a range of tree distance from 10 cm to 20 cm from top in sequence, 
respectively. dis_10 means that tree distance is 10 cm, the rest is the same as dis_10.)  
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Figure 3.15 Reflectance change depending on tree distance for Forest NO.6 
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3.3.5 Influences of Tree Crown Shapes on Multiple Reflections between 
Trees  
 
When sunshine, atmospheric conditions and underlying grass are constant, it is 
considered that multiple reflections between trees depend on the tree crown shapes, 
the tree distances, the tree reflectances and the tree crown dimensions (used to 
calculate tree surface area). When discussing the influences caused by the tree shapes 
(ellipse- and cone-shaped trees) solely, the precondition should be that the tree 
reflectance and the tree surface areas are constant. Therefore, the radiance should be 
normalized by the tree reflectance and the tree surface area.  
 
Because each ellipse model represents an actual ellipse-shaped tree, and each cone 
model represents an actual cone-shaped tree, the surface area of Tree NO.1 and Tree 
NO.2 can be obtained by using their calculation rules, respectively.  
 
The surface area of ellipse-shaped tree ellipseS can be calculated by equation 3.1. 
)
sin1
sin1(2
0 2222
0
22222
2
∫
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−−+
−−+=
α
α
ϕ
ϕ
ϕϕπ
k
d
ba
ab
dkbaabS ellipse
            (3.1) 
Where a  denotes the horizontal radius (cm) and b denotes the vertical radius (cm) of 
ellipse-shaped Tree NO.1. Because the radiuses of axis x and y are equal, 12 =k , 
221 /1sin ab−= −α . 
 
The surface area of cone-shaped tree coneS  can be calculated by equation 3.2. 
22 hrrS cone += π                                             (3.2) 
Where r denotes the base diameter (cm) and h  denotes the height (cm) of the 
cone-shaped Tree NO.2. Because the tree is placed on the ground surface directly, the 
area of the base surface of the tree is not included in the coneS .   
 
Furthermore, the normalized radiance change rates Rate can be calculated by 
equation 3.3. For instance, when tree distance is 15 cm, 
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    100||
8
158 ×××
−=
treerSI
IIRate                                     (3.3)                    
Where 8I  and 15I  denote the spectral radiances (W･m-2･μm-1･sr-1) when tree 
distances are 8 cm and 15 cm, respectively. S  is the tree surface area (m2), treer  is 
the tree reflectance (%).   
  
Figure 3.16 shows the normalized radiance change rates depending on tree distance. 
Figure 3.12(a) shows the rates of ellipse-shaped Forest NO.1, and Figure 3.12 (b) 
shows the rates of cone-shaped Forest NO.2, respectively. As tree distances increase, 
at the four wavelengths of 750, 800, 900 and 1000 nm, the maximum radiance change 
rates of ellipse-shaped Forest NO.1 are 6.76%, 5.29%, 4.32% and 3.40%, respectively, 
whereas the maximum radiance change rates of cone-shaped Forest NO.2 are 3.28%, 
3.04%, 3.00% and 2.77%, respectively. Thus, the maximum radiance change rates of 
ellipse-shaped Forest NO.1 is about 1.23 ～ 2.10 times stronger than that of 
cone-shaped Forest NO.2. This result implies that the multiple reflections between trees 
of Forest NO.1 are stronger than that of Forest NO.2. Therefore, the tree crown shape 
has a great influence on the multiple reflections between trees, and the multiple 
reflections of an ellipse-shaped forest are stronger that those of a cone-shaped forest. 
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(a) Forest NO.1 （Tree crown shape: ellipse） 
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(b) Forest NO.2 (Tree crown shape: cone) 
Figure 3.16  Normalized radiance change rates depending on tree distance 
 
 
 
3.4 Summary 
 
The conclusion can be summarized as follows. 
 
(1) The open-air experiments were carried out on six types of miniature forests. In the 
forests, relatively small-size ellipse- or cone-shaped coniferous trees were 
two-dimensionally arrayed on the flat surface with underlying grass.  
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(2) Discussing the reflectance spectrums of forests, for both ellipse- and cone-shaped 
forests, in the visible range of 400 nm～700 nm, the reflectance spectrums are lower 
and the changes of reflectance depending on tree distances are also very small. 
However, in the near-infrared range of 750 nm～1000 nm, the reflectance spectrums 
are higher and the changes of reflectance depending on tree distances are also bigger. 
The results correspond to the spectrum data in ASTER Spectral Library. 
 
(3) Radiance properties depending on tree distance were discussed in the near-infrared 
range, in which four typical wavelengths of 750, 800, 900 and 1000 nm were chosen. 
For an ellipse-shaped forest, in the tree distance range of 25 cm, the radiance changes 
went down obviously, while when the tree distance is greater than 25 cm, the changes 
decreased very slowly. For a cone-shaped forest, overall, the radiance properties are 
similar to that of ellipse-shaped forests. However, in the tree distance range of 15 cm, 
the radiance changes went down conspicuously, but when the tree distance is greater 
than 15 cm, the reductions almost stopped. The results imply that the multiple 
reflections between trees decrease as the tree distances become greater. 
 
(4) The maximum radiance change rates of ellipse-shaped forests were about 1.23～
2.10 times stronger than that of cone-shaped forests in the near-infrared range. The 
results show that the multiple reflections of ellipse-shaped forests are stronger that that 
of cone-shaped forests. 
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Chapter 4 Validation of Monte Carlo Simulation  
 
4.1 Introduction 
 
This chapter describes the validation of the Monte Carlo Simulation. Comparisons 
between the measured and the calculated data over two kinds of miniature forests were 
implemented. The measured data was obtained by open-air experiments that were 
shown in Chapter 3, and the calculated data is obtained by Monte Carlo simulation in 
this chapter.  
 
4.2 Comparison between the Measured and the Monte Carlo Calculated 
Data  
 
In order to validate the Monte Carlo simulation, on the one hand, as Chapter 3 
described, open-air experiments on six kinds of miniature forests were carried out. On 
the other hand, the Monte Carlo simulations on the two forests (Forest NO.1 and NO.2 ) 
were executed as two example. The parameters used in simulations are shown in Table 
4.1 and Table 4.2, in which the reflectance of the trees and grass are set in accordance 
with the field experimental results.  
 
Figure 4.1 and Figure 4.2 show the calculated data (shown as curves) from the Monte 
Carlo simulation and measured data (designated as dots) from experiments carried out 
on Feb. 21, 2006. Figure 4.1 is for Forest NO.1 (ellipse-shaped trees), and Figure 4.2 is 
for Forest NO.2 (cone-shaped trees). Both data showed TOA radiance of the trees and 
grass as a function of tree distances. We chose four wavelengths of 750, 800, 900 and 
1000 nm in the near-infrared range to analyze the detailed results.  
 
Overall, the Monte Carlo calculated radiance corresponded to the measured radiances 
very well. As the tree distances became greater, the changes of both the measured and 
the Monte Carlo calculated radiances at each wavelength showed a declining trend. In 
the tree distance range of 25 cm, the changes were going down obviously, implying the 
light interactions among trees were stronger but decreasing quickly. Whereas when the 
tree distance is greater than 25 cm, the changes decreased very slowly, showing the 
interactions were quite weak and decreased slowly. 
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However, the comparisons demonstrated the validity of the Monte Carlo method over 
two kinds of miniature forests. It can be said that the Monte Carlo method can 
reasonably be assumed to deliver actual results over a forest area.  
 
Table 4.1  Input parameters for Forest NO.1 
Parameters 750nm 800nm 900nm 1000nm
Reflectance 
Grass reflectance 
Tree reflectance  
Optic al thickness 
Air molecule 
Aerosol 
 
29% 
75% 
 
0.03 
0.06 
 
33% 
82% 
 
0.02 
0.06 
 
42% 
89% 
 
0.01 
0.07 
 
53% 
93% 
 
0.01 
0.05 
Sun-Sensor Geometry 
Solar zenith angle        41°      
Solar azimuth angle       15° 
View zenith angle           0°   
Crown Properties 
Horizontal diameter ( A )         13cm 
Vertical diameter (B )            12cm 
 
 
Table 4.2  Input parameters for Forest NO.2 
Parameters 750nm 800nm 900nm 1000nm
Reflectance 
Grass reflectance 
Tree reflectance  
 
Optical thickness 
Air molecule 
Aerosol 
 
29% 
65% 
 
 
0.03 
0.06 
 
33% 
75% 
 
 
0.02 
0.06 
 
42% 
84% 
 
 
0.01 
0.07 
 
53% 
92% 
 
 
0.01 
0.05 
Sun-Sensor Geometry 
Solar zenith angle        43°      
Solar azimuth angle       29° 
View zenith angle           0°   
Crown Properties 
Base diameter ( D )             11cm 
Height (H )                     26cm 
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Figure 4.1  Comparisons between the measured and the Monte Carlo calculated 
radiances change depending on tree distance for Forest NO.1 
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Figure 4.2  Comparisons between the measured and the Monte Carlo calculated 
radiances change depending on tree distance for Forest NO.2 
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4.3 Photon Contributions in Monte Carlo Simulation Process 
 
To explain the Monte Carlo calculated TOA radiance, we illustrated seven groups of 
photons among eleven shown in Figure 4.3 (a)-(d): (a) shows the number of photons 
ejected from the cell’s upper surface, which corresponds to TOA radiance; (b) shows the 
number of photons reflected by grass: as the tree distances get bigger, less grass is 
covered or shadowed by trees, so that more photons are reflected by grass;  (c) 
denotes the number of photons reflected by trees: as the tree distances increase, the 
number of photons declines. Therefore, the greater the tree distance is, the more the 
photons are reflected by grass, and the less the photons are reflected by trees; thus, as 
a final effect, the smaller the TOA radiance is. Figure 4.3 (d) shows the number of 
photons that are reflected by trees when the number of reflection times is two or more, 
which represents the influence of multiple reflections among trees. This issue will be 
discussed in Chapter 5 in detail. 
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(a) Photons that are out of the top of simulation cell 
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 (b) Photons that are reflected by grass 
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( c) Photons that are reflected by trees 
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(d) Photons that are reflected by trees 
(Number of reflection times is two or more) 
Figure 4.3   Photon contributions in the Monte Carlo simulation process  
for Forest NO.1 
 
4.4 Summary 
 
It was demonstrated that the use of the Monte Carlo method over two kinds of miniature 
forests is valid by making comparisons between the measured and the Monte Carlo 
calculated data. It can be said that the Monte Carlo method developed in this study can 
reasonably be assumed to deliver realistic physical results over a forest area. 
Furthermore, the potentialities of the Monte Carlo simulation code are then depicted 
over different types of forests, including coniferous and broadleaf forests with ellipse- or 
cone-shaped trees. 
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Chapter 5 Estimation of Multiple Reflections among Trees 
Depending on Forest Parameters 
 
5.1 Introduction 
 
This chapter describes the estimation of multiple reflections among trees depending on 
forest parameters of tree distance, tree crown shape and tree crown dimension by 
means of the Monte Carlo Method, which was proposed, described and validated in 
chapter 2 and chapter 4. 
 
5.2 Outline of Estimation 
 
In the radiative transfer model of atmosphere and forest area, the spatial variability of 
forest parameters, such as tree distance, tree crown shape and tree crown dimension, 
were taken into account. Also, the multiple light interactions among trees were 
particularly focused on to see how they influence TOA (top of atmosphere) radiance. It 
was found that simulation of three-dimensional photon trajectories allowed a more 
accurate evaluation of multiple light reflections among trees, and the multiple light 
reflections among trees play a very important role in estimating forest parameters. Thus, 
the estimations of multiple reflections among trees by varying forest parameters such as 
tree distances, tree crown shapes and tree crown dimensions were necessary.  
 
Here, three cases, which were that multiple tree reflections depend on a) tree distance, 
b) tree crown shape and c) tree crown dimension, were discussed (Ding & Arai, 2006). 
The multiple reflection capabilities and the different effects that may be observed in real 
forests were evaluated as follows. 
 
5.3 Multiple Reflections Depending on Tree Distance 
 
Because Figure 5.1 (a)-(c) are the same as Figure 4.3 (a)-(c) in chapter 4.3 and they 
were discussed already, therefore, only the brief descriptions are listed like this: (a) 
shows the number of photons ejected from the cell’s upper surface, which corresponds 
to TOA radiance; (b) shows the number of photons reflected by grass; (c) denotes the 
number of photons reflected by trees. 
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In order to see how the multiple reflections affect the forest, a comparison of the 
influences due to multiple reflections by different number of reflection times is made and 
shown in Figure 5.1(d)-(g). Figure 5.1 (d) shows the number of photons due to multiple 
reflections when the number of times is more than two. Figure 5.1(e)-(g) shows the 
number of photons due to multiple reflections when the number of times is two only, 
three only and more than four, respectively. As the tree distances--namely, the distances 
among tree crowns--become greater; the number of photons caused by multiple 
reflections on the tree surfaces becomes smaller, in reverse. When the tree distances 
were 10 cm, we calculated the percentages for different kinds of multiple reflections, 
and then show that in Table 5.1. 
 
Table 5.1 shows the percentages of the photons due to multiple reflections on the tree 
surfaces to the total photons reflected by trees, including single and multiple reflections. 
Because the number of photons due to multiple reflections on the tree surfaces is in 
proportion to the multiple reflections among trees, and the total number of photons 
reflected by trees corresponds to TOA radiance, the percentages show the influences 
due to multiple reflections among trees compared to the total TOA radiance. According 
to table 5.1, the influence due to multiple reflections is 8.75 % compared to the total TOA 
radiance.  
 
Speaking in detail, within the influence of 8.75%, the influence due to multiple reflections 
on the tree surfaces by two times only, three times only and more than four times are 
8.05 %, 0.64% and 0.06%, respectively. This shows that the inference of twice 
reflections (number of reflection times is 2) between trees shares 92% among the total 
multiple reflections, and the inference caused by the rest  (number of reflection times is 
more than 3) shares 8% only so that it can be almost ignored. Here, 92% was obtained 
by the division of 8.75% to 8.05%. 
 
As a conclusion, the multiple reflections among trees depend on tree distances. The 
greater the tree distances are, the smaller the multiple reflections are.  In addition, 
when trees are densely situated, the effect caused by the multiple reflections is about 8 
to 9 % of TOA radiance. Furthermore, the inference due to multiple reflections is mainly 
caused by twice reflections. 
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Table 5.1 Percentage of number of photons due to multiple reflections on the tree 
surfaces to the total number of photons reflected by trees for forest NO.1 (when tree 
distances are 10 cm) 
Number of reflection times Percentage 
Multiple reflection (two or more times) 8.75% 
Two times only 8.05% 
Three times only 0.64% 
Four or more times 0.06% 
 
 
5.4 Multiple Reflections Depending on Tree Crown Shape 
 
The influences due to multiple reflections among trees depending on tree type are 
discussed with the results of the Monte Carlo simulations. The simulations were carried 
out on two kinds of forests: one consisted of ellipse-shaped trees, and the other 
consisted of cone-shaped trees. Furthermore, the sun zenith angles were set as the two 
different angles of 41°and is 78°in the simulations. 
 
Figure 5.2 shows the percentage denoting the photons due to multiple reflections on the 
tree surfaces to the total photons reflected by trees when the Sun zenith angle is 41°. 
Figure 5.2 (a) is for Forest NO.1 (ellipse-shaped trees), and Figure 5.2 (b) is for Forest 
NO.2 (cone-shaped trees), respectively. For both forests, as the tree distances become 
greater, the percentages become smaller quickly. The quick decline implies that the 
multiple reflections among trees are decreasing quickly, as this influence is dependent 
on the distances between trees. 
 
When tree distances were 10 cm, we made a comparison between two forests. In the 
case of Forest NO.1, the percentage was 8.1%, 8.5%, 9.6% and 8.9% at the 
wavelengths of 750, 800, 900 and 1000 nm, respectively, and the average percentage 
was about 9%. However, in the case of Forest NO.2, the percentage was 2.4%, 2.7%, 
3.2% and 3.2% at the wavelengths of 750, 800, 900 and 1000 nm, respectively, and the 
average percentage was about 3%. The result shows that the effect due to the multiple 
reflections among trees changes depending on tree crown shape, and the effect of the 
 48
multiple reflections of ellipse trees are about 3 times greater than that of cone trees. 
This result implies that the light interaction capability among trees of the former is much 
stronger than that of the latter. 
 
In order to discuss the influences of multiple reflections depending on tree crown shape 
further, similar to Figure 5.2, the same simulation were carried out on Forest NO.1 and 
Forest NO.2, but the Sun zenith angle was changed to 78°. The angle of 78° is the slope 
angle of the cone trees in Forest NO.2. When the sun zenith angle is 78°, the sunlight 
comes to cone plane in a vertical direction; therefore, it is a typical angle and it is easy to 
discuss whether the multiple reflections change or not when the sun zenith angle 
changes.  
 
Figure 5.3 shows the percentage denoting the photons due to multiple reflections on the 
tree surfaces to the total photons reflected by trees when the sun zenith angle is 78°. 
Figure 5.3 (a) is for Forest NO.1 (ellipse-shaped trees), and Fig.5.3 (b) is for Forest 
NO.2 (cone-shaped trees), respectively. When tree distances were 10 cm, we made a 
comparison between two forests. In the case of Forest NO.1, the percentage was 6.3%, 
5.3%, 4.1% and 4.0% at the wavelengths of 750, 800, 900 and 1000 nm, respectively, 
and the average percentage was about 5% However, in the case of Forest NO.2, the 
percentage was 2.5%, 2.2%, 1.7% and 1.6% at the wavelengths of 750, 800, 900 and 
1000 nm, respectively, and the average was about 2%. The result shows that the effect 
due to the multiple reflections among trees changes depending on tree crown shape, 
and the effect of the multiple reflections of ellipse trees are about 2.5 times greater than 
that of cone trees. This result also implies that the light interaction capability among 
trees of the former is much stronger than that of the latter. 
 
Therefore, the results shown and discussed above suggest that the inference to forest 
reflectance measured by VNR (Visible and Near-infrared Radiometer) carried on the 
EOS (Earth Observing Satellite) is from several percent to around 10%, that is to say, 
the real reflectance should be several percent to around 10% lower than the measured, 
because the several percent to around 10% of forest reflectance is caused by multiple 
reflections between trees. 
 
Although the above results are obtained from coniferous trees, it can be predicted that 
the inference due to multiple reflections from broadleaf trees must be bigger than that of 
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coniferous trees, because LAI (leaf area index) of broadleaf trees is bigger than that of 
coniferous trees. 
 
5.5 Multiple Reflections Depending on Various Tree Crown Dimension 
 
As Figure 5.4 shows, for Forest NO.1, the tree crown dimensions is changed by varying 
the horizontal and vertical diameter of the ellipse tree, while the tree’s surface area 
remains constant. The ratios of horizontal and vertical diameter are shown in Table 5.2. 
The tree crown dimension properties are shown in Figure 5.5 with four different tree 
distances of 15, 20, 25 and 30 cm. In Figure 5.5(a)-(c), (a) shows the number of photons 
ejected from the cell’s upper surface, (b) shows the number of photons reflected by 
trees in total, (c) shows the number of photons due to multiple reflections on the tree 
surfaces. 
 
As the ratio increases, that is to say, the trees get lower and wider, both the number of 
photons reflected by trees and the number of photons due to multiple reflections 
increases quickly.  As a result, the number of photons ejected from the cell’s upper 
surface, namely TOA radiance, goes up quickly as well. Furthermore, the greater the 
tree distances are, the less the increase of both tree reflection and multiple reflections 
among trees are, and the less the increase of the TOA radiance is. 
 
Table 5.2  Ratios of horizontal and vertical diameter when horizontal and vertical 
diameter changes while the tree’s surface area remains constant for Forest NO.1 
A (cm) 6.0 8.0 10.0 12.0 13.0 14.0 
B (cm) 26.0 19.6 15.6 13.0 12.0 11.2 
Ratio 0.23 0.41 0.64 0.92 1.06 1.25 
A: horizontal diameter, B: vertical diameter, Ratio: A/B 
 
 
5.6 Summary  
 
The summary is concluded as follows. 
(1) The method for estimation of forest’s multiple light interactions depending on forest 
parameters using the Monte Carlo Method is proposed. The radiance calculated by the 
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Monte Carlo method correlated well with the one measured, proving the validity of the 
method. 
(2) The number of photons due to the multiple reflections on the tree surfaces 
represents the light interaction among trees, so the multiple reflections play an 
important role in clarifying radiative transfer process and TOA radiance. Stronger 
multiple reflection results in greater TOA radiance. 
(3) The multiple reflections among trees greatly depend on tree distance, tree crown 
shape and tree crown dimensions.  
 The greater the tree distance is, the weaker the multiple reflections are. When tree 
distance is great enough, the multiple reflections almost do not exist. 
 The inference due to multiple reflections is mainly caused by twice reflections, as 
the inference due to twice reflections shares 92% of the total. 
 It is obvious that the multiple reflections greatly depend on the tree crown shape. 
When trees are densely situated, the effect caused by the multiple reflections is 
about 5 to 9% of total TOA radiance for ellipse-shaped trees, whereas, it is about 2 
to 3% to cone-shaped trees. 
 Results suggest that forest reflectance measured by VNR (Visible and 
Near-infrared Radiometer) carried on the EOS (Earth Observing Satellite) should 
be several percent to around 10% lower than the real one because that is caused 
by multiple reflections between trees. 
 Because the multiple tree reflections of the ellipse-shaped trees are 2 to 3 times 
greater than that of the cone-shaped trees, it can be used in distinguishing forest 
types.   
 The lower and wider the tree is, the stronger the multiple reflections are, and the 
greater the TOA radiance is. It may be used in estimating tree height of forest.  
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(a) The number of photons ejected from the cell’s upper surface 
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(b) The number of photons reflected by grass  
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 (c) The number of photons reflected by trees in total 
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(d) The number of photons due to multiple reflections  
(Number of reflection times is two or more) 
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(e) The number of photons due to multiple reflections  
(Number of reflection times is two only) 
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(f) The number of photons due to multiple reflections  
(Number of reflection times is three only) 
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(g) The number of photons due to multiple reflections  
(Number of reflection times is four or more) 
Figure 5.1 Photon contributions and multiple reflections by different numbers of 
reflection times for Forest NO.1 
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(a) Forest NO.1 (Ellipse-shaped trees) 
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(b) Forest NO.2 (Cone-shaped trees) 
Figure 5.2  Percentage of multiple reflections among trees to the total number of 
photons reflected by trees, depending on tree crown shape when the sun zenith angle is 
41° 
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(a) Forest NO.1 (Ellipse-shaped trees) 
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(b) Forest NO.2 (Cone-shaped trees) 
Figure 5.3  Percentage of multiple reflections among trees to the total number of 
photons reflected by trees, depending on tree crown shape when the sun zenith angle is 
78° 
 
 
                                   
Figure 5.4  Illustrative view of various tree crown dimensions for Forest NO.1 
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(a) The number of photons ejected from the cell’s upper surface   
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   (b) The number of photons reflected by trees   
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(c) The number of photons due to multiple reflections on the tree surface 
Figure 5.5  Multiple reflections depending on tree crown dimensions for Forest NO.1 
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Chapter 6 Application of Monte Carlo Simulation to Satellite 
Data  
 
6.1 Introduction 
 
In order to investigate the influence of the multiple reflections between trees to TOA 
radiance, Monte Carlo simulation is applied to satellite images, namely, ASTER/VNIR 
data. In this chapter, first, the outline of ASTER/VNIR is introduced briefly, and then two 
study areas are described. Finally, the results of the Monte Carlo simulation are shown, 
and they are discussed by making comparisons between the Monte Carlo simulation 
results and ASTER/VNIR data in detail. 
 
6.2 About ASTER/VNIR 
 
ASTER (ASTER: Advanced Spaceborne Thermal Emission and Reflection radiometer) 
is an advanced optical sensor comprised of 14 spectral channels ranging from the 
visible to thermal infrared ranges. It offers scientific and also practical data regarding 
various fields related to the study of the earth. 
 
ASTER was launched from Vandenberg Air Force Base in California, USA in 1999 
aboard the Terra, which is one of the satellites in the EOS Project. The Japan 
Resources Observation System Organization (JAROS) is in charge of the development 
of the ASTER sensor. 
 
1. ASTER Sensor 
The ASTER sensor is composed of the following radiometers. 
 Visible and Near-Infrared Radiometer (VNIR)  
 Short Wave Infrared Radiometer (SWIR)  
 Thermal Infrared Radiometer (TIR) 
 
2. Characteristics of ASTER Products 
Main characteristics of ASTER are shown in Table 6.1. ASTER products have the 
following characteristics that are an improvement over past remote sensing products:  
 A wider spectral range and a higher spectral resolution are offered covering the 
spectral range from 0.52 to 11.65 microns with 14 bands.  
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 15 m, 30 m, and 90 m spatial resolutions are offered in the visible and near 
infrared spectral ranges, the short-wave infrared spectral region, and the 
thermal infrared spectral region, respectively.  
 For band 3 (0.76 microns to 0.86 microns), both the usual nadir-looking 
telescope and a backward-looking telescope are used to produce stereoscopic 
images acquired in the same orbit. 
 
 Table 6.1 Main characteristics of ASTER 
Spectral Coverage 
VNIR 
SWIR 
TIR 
3 bands 
6 bands 
5 bands 
0.52-0.86 m 
1.60-2.43 m 
8.125-11.65 m 
Spatial Resolution 
VNIR 
SWIR 
TIR 
15 m 
30 m 
90 m 
Radiometric Resolution 
VNIR 
SWIR 
TIR 
NE  
NE  
NE T 
0.5 % 
0.5%-1.5 % 
0.3K 
Swath Width 60 km 
Pointing Angle 
VNIR 
8.55  
24  
B/H 0.6 
 
 
3. VNIR Radiometer 
The VNIR high-resolution radiometer observes targets using solar radiation reflected 
from the earth’s surface in three visible and near-infrared bands. The stereoscopic 
image sensor views 27.6 degrees backward of the band 3 sensor in the same orbit. 
VNIR has a wide pointing capability of +/-24 degrees from nadir in the cross-track 
direction. 
 
Functional parameters of VNIR: 
 Spectral bands 
  Band 1 : 0.52~0.60 m  
  Band 2 : 0.63~0.69 m  
  Band 3 : 0.76~0.86 m  
 Radiometric resolution : 0.5 ％NE  
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 Geometric resolution : 15 ｍ  
 Pointing coverage : 24 deg 
 IFOV : 21.3 rad (nadir viewing)  
         18.6 rad (backward viewing)  
 Stereoscopic imaging : B/H*=0.6  (*B /H: Base to Height Ratio) 
 Radiometric accuracy : 4 ％  
 Quantization bit number : 8 bits  
 Scan period : 2.2 msec  
 MTF (at Nyquist frequency) >0.25 (cross-track)  
                             >0.25 (along-track) 
 
 
6.3 ASTER/VNIR Image Applied in this Study 
 
Figure 6.1 shows the ASTER/VNIR image data (Arai & Ding, 2006) and the intensive 
study area. The ASTER/VNIR image data was acquired at 11:09 on December 15, 2004. 
In terms of clarifying multiple reflections between trees, two test sites were chosen and 
numbered as test site NO.1 and NO.2. Each test site consists of two types of lands, one 
is a forest where the multiple reflections between trees exist, and the other is bare 
ground where the multiple reflections between trees do not exist. Thus, the test sites are 
suitable to use for clarifying the influence of multiple reflections. 
 
Test site NO.1 is located in Korai-cho, Nagasaki prefecture (32.56.33N, 130.7.25E); its 
configuration is shown in Figure 6.2 and its topography is shown in Figure 6.3. It 
consists of two types of land: one is a forest formed by cone-shaped coniferous trees, 
and the other is bare ground. It was assumed that each tree in the forest has same size 
(its base diameter is 3 m, and its height is 5 m).                
 
Test site NO.2 is also located in Konagai-cho, Nagasaki prefecture (32.56.13N, 
130.10.21E); its configuration is shown in Figure 6.4 and its topography is shown in 
Figure 6.5. It also consists of two types of lands, one is a forest formed by 
ellipse-shaped broadleaf trees, and the other is a bare ground. It was also assumed that 
each tree in the forest has same size (its horizontal diameter is 3m, and its vertical 
diameter is 5m). The parameters of the test sites are shown in Table 6.2. 
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Figure 6.1 ASTER/VNIR image  
 
Figure 6.2 Configuration of test site NO.1  
 
Figure 6.3 Topography of test site NO.1 
(From the date base of Saga Civil Engineer Association, http://www.sagagis.jp) 
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Figure 6.4 Configuration of test site NO.2  
 
 
 
Figure 6.5 Topography of test site NO.2 
(From the date base of Saga Civil Engineer Association, http://www.sagagis.jp) 
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    Table 6.2  Parameters for the test sites 
Sun-Sensor geometry 
Solar zenith angle       58.4°      
Solar azimuth angle      162.3° 
Optical thickness 
Air molecule                   0.175 
Aerosol                       0.070 
Reflectance 
Coniferous tree                0.28 
Broadleaf tree                 0.32 
Bare soil                      0.20 
 
 
6.4 Results and Discussions 
 
First, the Monte Carlo simulation was implemented at the test site NO.1. The calculation 
cell was a cube of 50 km×50 km×50 km. The wavelength was 810 nm in the 
near-infrared range, which is the central wavelength of band 3 (The wavelength range 
of band 3 is from 760 nm to 860 nm). TOA radiances of coniferous forest and bare 
ground were calculated by the Monte Carlo simulation, respectively, and then shown in 
Table 6.3. On the other hand, TOA radiance of coniferous forest from the ASTER image 
was obtained by calculating the average value over 3 by 3 pixels of VNIR band 3. With 
the same method, TOA radiance of bare ground was also obtained from the ASTER 
image. The TOA radiances are also shown in Table 6.3. 
 
Table 6.3 shows the calculated TOA radiance from the Monte Carlo simulation and the 
measured radiance from the ASTER/VNIR image data.  For the bare ground, the 
Monte Carlo calculated radiance corresponded to the measured radiance very well, and 
the deviation between two radiances is as small as 1.15%. 
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Table 6.3 Comparison between calculated radiance from the Monte Carlo simulation 
and measured radiance from ASTER image for test site NO.1 
         
Types 
Radiance of ASTER 
(W/m2/str) 
Radiance of 
Monte Carlo simulation 
(W/m2/str) 
Deviation
Bare Soil 12.28 12.14 1.15% 
Coniferous Forest (when 
tree model is cone) 
14.89 13.86 7.40% 
Coniferous Forest (when 
tree model is ellipse) 
14.89 13.38 11.28% 
 Remarks: Deviation=(| RASTER - RMC | / RMC)*100. RASTER denotes radiance of ASTER, 
and RMC denotes radiance of the Monte Carlo simulation. 
           
 
In contrast, for the coniferous forest, when using cone models that represent actual 
cone-shaped coniferous trees, the deviation between the radiance of ASTER and the 
calculated radiance is 7.40%. To investigate the reason the deviation of coniferous 
forest was greater than that of bare ground, the multiple reflections between trees 
should be considered. The multiple reflections between trees does not exist on the bare 
ground, but they do exist in the coniferous forest. Therefore, it can be considered that 
the deviation of 7.40% in the coniferous forest was mostly caused by the multiple 
reflections between trees. Although 1) the deviation could also be caused by other 
factors such as the changes of LAI (Leaf Area Index), the biomass and tree density and 
so on and 2) the deviation of 7.40% was obtained by the Monte Carlo simulation, the 
influence ranging from several percent to 10% from the multiple reflections between 
trees must be considered in estimating reflectance of forest in terms of TOA radiance 
from ASTER data. Coincidentally, this result also corresponded to the estimation of 
multiple reflections between trees described in Chapter 5.  
 
In addition, for the coniferous forest, when using ellipse models that represent actual 
cone-shaped coniferous trees, the deviation between the radiance of ASTER and 
calculated radiance was greater than 7.40%, reaching up to 11.28%. This result shows 
that choosing proper tree models is very important in the Monte Carlo simulation. 
Additionally, it also implies that it might be possible to estimate tree crown shape from 
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ASTER image by using the two different deviation data. 
 
Similarly to test site NO.1, the Monte Carlo simulation was implemented in the test site 
NO.2. TOA radiances from the ASTER image and TOA radiances calculated by the 
Monte Carlo simulation of broadleaf forest and bare ground are shown in Table 6.4. 
Overall, the results are similar to the data from test site NO.1. For the bare ground, the 
Monte Carlo calculated radiance corresponded to the measured radiance very well, and 
the deviation between two radiances is as small as 1.56%. In contrast, for the broadleaf 
forest, when using ellipse models that represent actual ellipse-shaped broadleaf trees, 
the deviation between the radiance of ASTER and the calculated radiance is 9.67%. 
Discussing the reason the deviation of broadleaf forest was greater than that of bare 
ground, the multiple reflections between trees should be considered. Therefore, it can 
be considered that the deviation of 9.67% in the broadleaf forest was mostly caused by 
the multiple reflections between trees.  
 
Also, for the broadleaf forest, when using cone models that represent actual 
ellipse-shaped broadleaf trees, the deviation between the radiance of ASTER and 
calculated radiance was greater than 9.67%, reaching up to 14.59%. This result also 
shows that importance of using suitable tree models. Additionally, it also implies that it 
might be possible to estimate tree crown shape from ASTER image by using the two 
different deviation data. 
 
Table 6.4 Comparison between calculated radiance from the Monte Carlo simulation 
and measured radiance from ASTER image for test site NO.2 
         
Types 
Radiance of ASTER 
(W/m2/str) 
Radiance of 
Monte Carlo simulation 
(W/m2/str) 
Deviation
Bare Soil 12.30 12.11 1.56% 
Broadleaf Forest (when 
tree model is ellipse) 
16.10 14.68 9.67% 
Broadleaf Forest (when 
tree model is cone) 
16.10 14.05 14.59% 
 Remarks: Deviation=(| RASTER - RMC | / RMC)*100. RASTER denotes radiance of ASTER, 
and RMC denotes radiance of the Monte Carlo simulation. 
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6.5 Summary 
 
The Monte Carlo simulation was applied to a satellite image, specifically, ASTER/VNIR 
data. Comparisons between the Monte Carlo calculated radiance and the measured 
radiance of ASTER/VNIR were made for the bare grounds and the forests, respectively. 
It was found that the deviation for the coniferous forest and for the broadleaf forest 
reached 7.40% and 9.67%, while the deviation for the bare ground was only 1.15% and 
1.56%, respectively. This result shows that the deviation of 7.40% in the coniferous 
forest and the deviation of 9.67% in the broadleaf forest were nearly all caused by the 
multiple reflections between trees. Although the results were based on the Monte Carlo 
simulation and it is very complicated to analyze all factors such as the changes of LAI 
and the landform and so on precisely, it is suggestive that the influence of the multiple 
reflections between trees ranges from several percent to 10% and it must be considered 
in estimating reflectance of forest in terms of TOA radiance from ASTER data. 
Coincidentally, this result also corresponded to the estimation of multiple reflections 
between trees described in Chapter 5. 
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Chapter 7 Conclusions 
 
This study set out to establish a model for estimation of forest parameters such as the 
species, the tree crown shapes, the distances between trees by means of the Monte 
Carlo method based a radiative transfer model with a forestry surface model was 
proposed. The Monte Carlo method statistically simulates the paths of photons inside 
the atmosphere and the forested area to clarify the behaviors of individual photon. 
 
In order to validate the model, open-air experiments were carried out on several types of 
miniature forests in which relatively smaller ellipse- or cone-shaped coniferous trees 
were two-dimensionally arrayed on the flat surface with underlying grass. It was found 
that the proposed model and experimental results showed a correlation so that the 
proposed method was validated.  
 
This study succeeded in estimating forest parameters such as the species, the crown 
shapes, the heights of the trees and the distances between trees, etc. with the Monte 
Carlo simulation. That is to say, it was found that the influences on TOA (TOA: Top of 
Atmosphere) radiance 1) due to multiple reflections among trees and between trees and 
grass, and 2) due to the changes of forest parameters such as the species, the crown 
shapes, the heights of the trees and the distances between trees, etc. can be estimated. 
Coniferous trees with two different kinds of tree crown shapes (ellipse- or cone-shaped 
trees) were chosen for the study. It was demonstrated that different trees with different 
crown shapes and species could be identified by TOA radiance. In addition, the 
distances between trees can be estimated as well. 
 
The simulation of three-dimensional photon trajectories allowed an accurate evaluation 
of multiple light reflections among trees and between trees and underlying grass. It was 
shown that from several percent to around 10% of the influences on TOA radiance was 
due to the multiple reflections, and the multiple reflections greatly depended on forest 
parameters including the species, the tree crown shapes and the tree crown dimensions 
(the ratio of horizontal and vertical size of the tree crown) and so on. In particular, the 
multiple reflections of ellipse-shaped trees were two to three times greater than that of 
the cone-shaped trees. Therefore, the potentialities of the method can be applied in 
distinguishing different types of forests including coniferous and broadleaf trees with 
ellipse- and cone-shaped trees. 
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Furthermore, it was also demonstrated that the Monte Carlo method can be applied to 
satellite data measured by ASTER/VNIR (ASTER: Advanced Spaceborne Thermal 
Emission and Reflection radiometer, VNIR: Visible and Near-Infrared Radiometer) 
carried on the EOS (EOS: Earth Observing Satellite), and the method succeeded in 
clarifying the influences caused by multiple reflections among trees and between trees 
and grass. In particular, the results suggest that the influence must be considered in 
estimating reflectance of forest in terms of TOA radiance from satellite data. 
 
The influences on TOA radiance due to the multiple reflections among trees and 
between trees and ground grass had not been clarified before, but it was clarified for the 
first time by this study. It was found that the influences on the satellite data measured by 
ASTER/VNIR ranged from several percent to around 10%. In addition, it might be 
possible to estimate the forest parameters such as the crown shapes, the heights, the 
species of tree and the distances between trees by means of the Monte Carlo method. 
This is also one of new discoveries in this study. 
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